The prognosis of pancreatic neuroendocrine tumors is related to size, histology and proliferation rate. However, this stratification needs to be refined further. We conducted a proteome study on insulinomas, a well-defined pancreatic neuroendocrine tumor entity, in order to identify proteins that can be used as biomarkers for malignancy. Based on a long follow-up, insulinomas were divided into those with metastases (malignant) and those without (benign). Microdissected cells from six benign and six malignant insulinomas were subjected to a procedure combining fluorescence dye saturation labeling with high-resolution two-dimensional gel electrophoresis. Differentially expressed proteins were identified using nano liquid chromatography-electrospray ionization/multi-stage mass spectrometry and validated by immunohistochemistry on tissue microarrays containing 62 insulinomas. Sixteen differentially regulated proteins were identified among 3000 protein spots. Immunohistochemical validation revealed that aldehyde dehydrogenase 1A1 and voltage-dependent anionselective channel protein 1 showed significantly stronger expression in malignant insulinomas than in benign insulinomas, whereas tumor protein D52 (TPD52) binding protein was expressed less strongly in malignant insulinomas than in benign insulinomas. Using multivariate analysis, low TPD52 expression was identified as a strong independent prognostic factor for both recurrence-free and overall disease-related survival.
The prognosis of pancreatic neuroendocrine tumors is related to size, histology and proliferation rate. However, this stratification needs to be refined further. We conducted a proteome study on insulinomas, a well-defined pancreatic neuroendocrine tumor entity, in order to identify proteins that can be used as biomarkers for malignancy. Based on a long follow-up, insulinomas were divided into those with metastases (malignant) and those without (benign). Microdissected cells from six benign and six malignant insulinomas were subjected to a procedure combining fluorescence dye saturation labeling with high-resolution two-dimensional gel electrophoresis. Differentially expressed proteins were identified using nano liquid chromatography-electrospray ionization/multi-stage mass spectrometry and validated by immunohistochemistry on tissue microarrays containing 62 insulinomas. Sixteen differentially regulated proteins were identified among 3000 protein spots. Immunohistochemical validation revealed that aldehyde dehydrogenase 1A1 and voltage-dependent anionselective channel protein 1 showed significantly stronger expression in malignant insulinomas than in benign insulinomas, whereas tumor protein D52 (TPD52) binding protein was expressed less strongly in malignant insulinomas than in benign insulinomas. Using multivariate analysis, low TPD52 expression was identified as a strong independent prognostic factor for both recurrence-free and overall disease-related survival. The prognostic assessment of pancreatic neuroendocrine tumors has improved considerably since the introduction of World Health Organization 2010 (Bosman et al 1 ) and the European Neuroendocrine Tumour Society staging and grading system. 2 The most relevant prognostic factors proved to be tumor size, histologic differentiation, proliferation, mitotic rate, neural invasion, angioinvasion, gross infiltration of adjacent organs, and, finally, metastasis. 3 However, despite this progress in prognostic stratification, the behavior of some pancreatic neuroendocrine tumors continues to be uncertain after resection. The identification of new prognostic biomarkers is therefore required.
Proteomics enables proteins in complex protein mixtures to be quantified and identified. Here we took advantage of this approach to study insulinomas, a well-defined group of pancreatic neuroendo-crine tumors. Insulinomas are solitary tumors in 85% of the cases; the remaining tumors are multiple and are associated with either multiple endocrine neoplasia 1 or insulinomatosis. 4 Between 85 and 90% of solitary insulinomas are benign, and patients are cured after resection. Between 10 and 15%, however, develop metastases, sometimes years after surgery. Malignant insulinomas are usually larger than 2 cm in diameter. However, in a few cases they may be smaller, making it difficult to detect their malignant potential, even with the help of all available prognostic factors. 5 We therefore searched for proteins whose expression in insulinomas correlated with the clinical course of the tumors. By combining tumor microdissection, sensitive difference gel electrophoresis technique, and protein mass spectrometry as well as immunohistochemical validation, we identified three proteins as potential prognostic markers in insulinomas.
Materials and methods
Supplementary Figure 1 shows an overview of the study design.
Patients and Tissues
Pancreatic neuroendocrine tumors from 62 patients suffering from persistent hyperinsulinemic hypoglycemia were studied. All patients underwent surgery between 1975 and 2006. Their pertinent clinical data was obtained from the patients' records. Freshly frozen (Table 1a) and formalinfixed paraffin-embedded tissue samples were retrieved from archives of the Departments of Pathology of the university hospitals in Zü rich (Switzerland), Dü sseldorf (Germany), Kiel (Germany), and Verona (Italy). The study design was approved by the local ethics committee in Tü bingen. The diagnosis was based on the World Health Organization classification of 2010 (Bosman et al 1 ) and the European Neuroendocrine Tumour Society standard procedures. 2 Table 1b summarizes the clinicopathological data, including follow-up until December 2007. One of the 51 patients, whose insulinomas were considered benign, had a recurrence of hypoglycemia after surgery. None of the benign cases showed metastatic disease (medium follow-up 95 months, range 35-295). Three of the 51 patients died of diseases that were not tumor related. The mean size of the insulinomas with benign behavior was 1.5 cm (range 0.8-3 cm). According to the proliferation rate, 43/51 were neuroendocrine tumors G1 (o2%), while 8/51 were G2 (between 2 and 6%). Eleven insulinomas were malignant; of these, tissue from the primary tumor was available in seven cases, lymph node metastasis in only one case (multiple endocrine neoplasia 1 associated), and liver metastasis in only two cases. Eight insulinomas were already metastatic at the time of removal. The 
Microdissection
Frozen tumor tissue blocks from six benign and six malignant insulinomas (Table 1a) were serially sectioned (10 mm) and stained with hematoxylin. Tumor tissue was then manually microdissected under a microscope using a sterile needle, collected in 100 ml lysis buffer (TrisHCl 30 mM; thiourea 2 M; urea 7 M; CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate) 4%, pH 8.0), and finally sonicated on ice (6 Â 10 s pulses; ultrasonic cleaner, VWR Darmstadt, Germany).
Preparation of the Reference Proteome
In order to generate the reference proteome, 100 mg of pooled benign and malignant insulinoma tissues (Table 1a) were homogenized in liquid nitrogen in 148 ml lysis buffer (TrisHCl 30 mM; thiourea 2 M; urea 7 M; CHAPS 4%, pH 8.0) using a hand homogenizer. After thawing at room temperature, sonication (6 Â 10 s pulses on ice) and centrifugation (12 000 g for 5 min) were performed. The reference proteome was used for the internal standard and for identification.
Protein Labeling
The labeling conditions were optimized as described previously. 6 The cell lysates of B1000 microdissected cells were reduced in 100 ml lysis buffer by incubation with 2 nmol Tris (2-carboxyethyl) phosphine hydrochloride (TCEP (tris(2-carboxyethyl)phosphine); Sigma) at 37 1C in the dark for 1 h. Saturation CyDyes (GE Healthcare, Munich, Germany) were diluted with anhydrous DMF p.a. (2 nmol/ml; Sigma) and 4 nmol CyDye was added to the TCEP reduced sample. The samples were vortexed, centrifuged briefly, and left at 37 1C in the dark for 30 min. The internal standard (2 mg) was labeled with Cy3 saturation dye and the insulinoma cells of 12 patients were labeled with Cy5 dye. The labeling reaction was stopped by adding 10 ml dithiothreitol (DTT; 1.08 g/ml; BioRad) and finally, before isoelectric focusing, 10 ml ampholine 2-4 (GE Healthcare) was added. The internal standard was added to each labeled microdissected sample and subjected to 2-D electrophoresis.
In order to identify proteins, 200 mg of reference proteome were reduced in 50 ml lysis buffer by adding 26.6 nmol TCEP. After reduction, the sample was labeled with 53.2 nmol Cy3.
2-D Gel Electrophoresis
Carrier ampholyte based isoelectric focusing (IEF) was performed in a self-made IEF chamber using tube gels (20 cm Â 1.5 mm). 7 Briefly, after running a 21.25-h voltage gradient, the ejected tube gels were incubated in equilibration buffer (125 mM Tris, 40% (w/v) glycerol, 3% (w/v) SDS, 65 mM DTT, pH 6.8) for 10 min. The second dimension was performed in a Desaphor VA 300 system using polyacrylamide gels (15.2% total acrylamide, 1.3% bisacrylamide). 7 The IEF tube gels were placed onto the polyacrylamide gels (20 cm Â 30 cm Â 1.5 mm) and fixed using 1.0% (w/v) agarose containing 0.01% (w/v) bromophenol blue dye (Riedel deHaen, Seelze, Germany). For protein identification, the preparative sized gel system (IEF: 20 cm Â 1.5 mm, SDS-polyacrylamide gel electrophoresis: 20 cm Â 30 cm Â 1.5 mm) was applied under identical conditions. Silver post staining was performed after gel scanning using an mass spectrometry (MS)-compatible protocol. 8 
Liquid Chromatography-Electrospray Ionization/ Multi-Stage Mass Spectrometry
The protein spots of interest were excised from the gel, tryptically digested and then preconcentrated and separated in a Dionex LC Packings HPLC system (Dionex LC Packings, Idstein, Germany). Electrospray ionization-MS/MS spectra were recorded using a 4000 Q Trap (Applied Biosystems, Foster City, CA, USA) high-performance hybrid triple quadrupole/linear ion trap Liquid chromatography-MS/MS mass spectrometer. The conditions for peptide separation and for mass spectrometer measurements were applied as described elsewhere. 9 
Scanning and Image Analysis
For the scanning, the gels were left between the glass plates and images were acquired using a Typhoon 9400 scanner (Amersham Biosciences/GE Healthcare). Excitation wavelengths and emission filters were chosen specifically for each of the CyDyesTM according to the Typhoon user guide. Before image analysis with DeCyderTM software (Amersham Biosciences/GE Healthcare), the images were cropped with ImageQuant TM software (Amersham Biosciences/GE Healthcare). The intragel spot detection and quantification were performed using the Differential In-gel Analysis mode of the DeCyder TM software. The estimated number of spots was set to 3000. An exclusion filter was applied to remove spots with a slope 41.6.
Construction of Tissue Microarray and Immunohistochemistry
Tissue microarrays with two tissue spots per tumor, corresponding metastases, and matched normal pancreas were constructed as described previously. 10 Three mm-thin paraffin sections from tissue microarrays were de-paraffinized, rehydrated, and immunohistochemically stained. Before applying the primary antibody, blocking with non-immune serum was performed for 20 min. Mouse monoclonal gelsolin antibody (clone 2, 2 mg/ml, BD Transductino Laboratories, Cat. 610413), goat polyclonal aldehyde dehydrogenase 1 A1 (ALDH1A1) antibody (2 mg/ml, Santa Cruz, Cat. Sc-22589, L-15), mouse monoclonal tumor protein D52 (TPD52) binding protein (clone d1C5, 1:500; Kamiya Biomedical Company), goat polyclonal voltage-dependent anion-selective channel protein 1 (VDAC1; 2 mg/ml, Santa Cruz, sc-32063), and mouse TARDP (Novus Biologicals, 23435-A01, 1:100) were applied as primary antibodies. The detection was performed using a Mouse Vectastain Peroxidase kit (Vectastain Elite, PK-6102, Vector Laboratories, Burlingame, CA, USA). For negative controls, the primary antibodies were omitted.
Evaluation of the Immunohistochemical Stains
The intensity of reactions was scored as 1 (mild), 2 (moderate), or 3 (strong). The proportion of positive cells was estimated in percent and divided into scores (o10%: 1, 10-50%:2, 51-80%: 3, 480%: 4). The final score was determined as a product of the intensity of staining and the proportion of positive cells (minimum 0, maximum 12). 11 
Statistics
Differences in the immunohistochemical scores of benign and malignant insulinomas or metastases were analyzed by Mann-Whitney U-and Kruskal-Wallis H-tests. Univariate survival analysis was performed using the logrank test. Multivariable logistic regression and Cox regression analyses were performed to assess the predictive value of the markers for biological behavior of tumors. P-valueso0.05 were considered to be significant. Statistical tests were performed using SPSS 10.1 software and the R package 'survival'.
Results

Protein Expression Profile
The comparison of the proteome pattern of benign and malignant insulinomas revealed 28 protein spots that consisted of differentially regulated proteins. Sixteen spots were assigned to non-redundant proteins (Supplementary Figure 2) . Eight of these proteins were upregulated, in both benign and malignant insulinomas. Figure 2a , c and e show examples of quantification of protein spot intensities of ALDH1, VDAC1, and TPD52, respectively. These proteins were found to be involved in metabolic processes partly associated with neoplastic transformation (see annotations in Table 2 ). Five proteins-ALDH1A1, VDAC1, TPD52, Gelsolin, and TARDBP-were selected for immunohistochemical validation.
Immunohistochemical Validation
Immunostaining for ALDH1A1 revealed mainly cytoplasmic and, to a lesser extent, nuclear labeling (Figures 1a and b) . In normal islets ALDH1A1 was expressed weakly to moderately. The median ALDH1A1 expression in benign insulinomas was 2.0 (s.
001).
A comparison of the scores of benign insulinomas with those of malignant insulinomas showed that ALDH1A1 was significantly more highly expressed in malignant insulinomas than in benign insulinomas (Mann-Whitney U-test, Po0.001, Table 3a and Figure 2b ). No significant differences were found between primaries of malignant insulinomas and their metastases (Mann-Whitney U-test, P ¼ 0.43).
Immunostaining for VDAC1 showed a cytoplasmic pattern (Figures 1c and d [4] [5] [6] [7] [8] [9] [10] [11] [12] . A comparison of the scores showed that VDAC1 was significantly more highly expressed in malignant insulinomas than in benign ones (Mann-Whitney U-test, P ¼ 0.04, Table 3a and Figure 2d ). Furthermore, metastases had higher VDAC1 expression levels than primary malignant insulinomas; however, this test did not reach the defined level of significance (Mann-Whitney U-test, P ¼ 0.077).
Immunostainings for TPD52 exhibited a cytoplasmic pattern (Figures 1e and f) [4] [5] [6] [7] [8] [9] [10] [11] [12] . The analysis of TPD52 expression within the groups revealed significant differences (Kruskal-Wallis, Po0.001). A comparison of the scores showed that TPD52 was significantly more abundantly expressed in benign insulinomas than in malignant ones (Mann-Whitney U-test, Po0.001, Table 3a and Figure 2f ). No significant difference was found between primary malignant insulinomas and metastases (Mann-Whitney U-test, P ¼ 0.86). Both Gelsolin and TARDBP showed a comparable expression in benign and malignant insulinomas (Table 3a) . In islets, Gelsolin and TARDBP were weakly and moderately expressed, respectively. (Table 3a) was fitted, including staining intensity scores of all potential markers as covariates, controlling for tumor size, age, and grade (grade 1 vs 2/3). TPD52 and ALDH1A1 were found to be independent predictors of malignancy with the following odds ratios: TPD52, 0.92 (95% CI: 0.905-0.947, Po0.0001) and ALDH1A1, 1.032 (95% CI: 1.01-1.055, P ¼ 0.0078).
Univariate and Multivariate Analyses Associating Biomarker Expression with Recurrence-Free and Overall Patient Outcome
Of the 62 patient samples analyzed for staining intensity, either 1 or 2 cases were excluded due to either incomplete recurrence-free or incomplete overall survival follow-up data. Analyses of survival showed that expression of TPD52, ALDH1A1, Gelsolin, and TARDBP was significantly associated with both recurrence-free and overall survival in univariate logrank tests (Table 3B ). Logistic regression analysis assessing age (as a continuous variable), proliferation (dichotomized into 0 vs 1 and 2), grade (dichotomized into 1 vs 2 and 3), and staining intensity scores confirmed only TPD52 as an independent predictor for recurrence-free (HR ¼ 0.66; 95% CI: 0.52-0.84; P ¼ 0.0007) and overall survival (HR ¼ 0.65; 95% CI: 0.50-0.84; P ¼ 0.00112) in the cohort analyzed. Patients with low TPD52 expression corresponded to those with a poorer outcome in recurrence-free survival (P ¼ 3.86e À 06) and overall survival (P ¼ 7.71e À 07; Figure 3 ) using Cox regression analysis.
Discussion
Studies on metastatic risk in pancreatic neuroendocrine tumors focused initially on pathological criteria, but subsequently also considered immunohistochemical markers and genetic abnormalities as prognostic factors. The most predictive factors proved to be tumor size, proliferative activity, angioinvasion, peritumoral or stromal infiltration, and tumor necrosis. 12 Among the immunohistochemical markers, only cytokeratin 19 reached Bold entries mark significant P-values. a Two patients excluded due to lack of recurrence-free survival.
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Novel markers for insulinomas prognostic significance, while others such as CD 99, COX2, and p27 did not. 3, 13 Genetic abnormalities with a clear impact on tumor progression and metastatic potential are rare. In general, non-functioning pancreatic neuroendocrine tumors harbor higher numbers of chromosomal gains and losses than functioning tumors. 14 The same finding was reported for insulinomas. 15 Several loci for candidate genes that appeared to be involved in the progression of pancreatic neuroendocrine tumors, such as the loss of 3p, have been identified 15, 16, 17 but not substantiated by further investigations. Interestingly, among the pancreatic neuroendocrine tumors, insulinomas exhibited a smaller number of genomic alterations than other pancreatic endocrine tumors. Particularly, losses on chromosomes 3p and 6q, as well as other malignancy-associated alterations were rare in insulinomas. In a recent genome-wide study in a series of non-familial pancreatic neuroendocrine tumors, MEN1, DAXX, and ATRX were identified as the most commonly mutated genes. However, this study did not assess insulinomas. 18 As promising as these genetic studies are, none of them have so far been able to provide accurate prognostic marker patterns. In this situation, we conducted a study that took advantage of the proteomic technique, which had not yet been applied to pancreatic neuroendocrine tumors. In order to focus on a clinically and biologically welldefined group of pancreatic neuroendocrine tumors, we restricted our investigations to insulinomas for two reasons: first, most studies on pancreatic neuroendocrine tumors assess the whole phenotypic spectrum, ie, hormonally active tumors, hormonally inactive but hormone-expressing tumors, and also those that completely lack hormones. This approach may lead to important results regarding clinical management and prognostic stratifications of endocrine tumors; however, it probably includes many confounders in the data evaluation and reduces the statistical power when looking for biologically relevant differentially expressed proteins. Second, the size of the discovery cohort has to be optimized when using proteomics methods due to the limited availability of fresh-frozen tissue, necessitating additional homogenous tumor groups. In the discovery set we searched for proteins that are differentially expressed in benign and malignant insulinomas, and managed to identify 16 differentially expressed proteins. We chose ALDH1A1, VDAC1, TPD52, Gelsolin, and TARDBP for further analysis, because they appeared functionally interesting and could be validated by immunohistochemistry. Logistic regression analysis of the immunohistochemical expression pattern showed that three of the five proteins are good predictors of insulinoma biology.
ALDH1A1 was expressed to a much greater extent in malignant than in benign insulinomas. ALDH1A1 has a role in the formation of retinoic acid, 19 a potent modulator for gene expression and tissue differentiation, and showed increased activity in both normal and malignant stem cell populations. 20 ALDH1A1 is therefore thought to be involved in the initiation and maintenance of tumors, and may distinguish cancer stem cells. The mechanism of ALDH1A1 overexpression in cancer cells remains elusive. SOX2 and Nicastrin have been reported to upregulate ALDH1A1 in pancreatic 21 and breast adenocarcinoma 22 cells, respectively. Knocking down BRCA1 in breast cancer models is associated with ALDH1A1 upregulation and progenitor cell phenotype. 23 Recently, the importance of ALDH1A1 for differentiating endocrine precursor cells in pancreas was reported. 24, 25 In our cohort, ALDH1A1 expression was relatively homogeneous within individual insulinomas (instead of a 'stem cell' pattern), indicating an early clonal selection towards ALDH1A1-overexpressing cells in malignant insulinomas.
We also found that VDAC1 is overexpressed in malignant insulinomas compared with benign ones. VDAC1 was identified as a mitochondrial outer membrane stabilizer that functions by forming pores. 26 VDAC1 is essential for mitochondrial ATP production as a metabolite transporter and serves as a docking site for hexokinase. The VDAC1-bound hexokinase acts as a growth promoter using several mechanisms: (i) VDAC1-hexokinase complex increases the energy and metabolite production in cancer cells; 27 (ii) VDAC1-hexokinase prevents apoptosis, partly by inhibiting Bax or Bak; 28 (iii) mitochondria-associated hexokinase decreases generation of reactive oxygen species, protecting against oxidant-induced cell death; 29 (iv) mitochondria-associated hexokinase may increase the cholesterol content in mitochondria, which is frequently observed in cancer cells. 28 Overexpression of VDAC1 has been observed in tumors, including non-small cell lung cancer, 30 melanoma, and prostate carcinoma cell lines. 31 The cause of VDAC1 upregulation in human tumors is unclear as yet. The impact of VDAC1 on insulinoma progression is reinforced by the higher expression levels that we found in metastases compared with their primaries. In addition, VDAC1 may serve as a target for pharmacological inhibition, as described for Fluoxetine (Prozac), Cisplatin, Erastin, and Endostatin (for a review, see Shoshan-Barmatz and Mizrachi 26 ). Some of these compounds have already been introduced in the clinic, providing the opportunity for experimental therapeutic options for incurable insulinoma patients.
TPD52 showed a strikingly higher expression in benign than in malignant insulinomas. TPD52 was linked to the regulation of vesicle trafficking and exocytotic secretion through binding to integral membrane and membrane-associated proteins. TPD52 is related to cell proliferation and apoptosis, and may initiate metastatic phenotype. 32, 33 Overexpression of TPD52 has been described in malignant tumors such as ovarian, prostate and breast cancer, and testicular germ cell tumors. 34, 35 As TPD52 was strongly expressed not only in benign insulinomas but also in normal islets, malignant insulinomas probably undergo loss of TPD52 during neoplastic transformation. At present, it is unclear how this finding relates to the malignant potential of insulinomas.
Multivariate analysis revealed low TPD52 expression to be the strongest independent indicator of malignancy, followed by high ALDH1A1 expression. Remarkably, classical prognostic parameters of pancreatic neuroendocrine tumors did not turn out to be instrumental in this regard, as tumor size showed only borderline significance (P ¼ 0.049) and the grade was completely unrelated to malignant behavior. The relevance of downregulation of TPD52 is further emphasized by the fact that low TPD52 expression was very strongly associated with short Figure 3 Kaplan-Meier curves demonstrating significantly shorter overall survival of patients with low tumor protein D52 (TPD52) levels in their insulinomas. The P-value refers to results of log rank analysis.
recurrence-free and disease-related survival. Thus, assessing TPD52 expression even has the potential to aid the prognostic stratification of insulinomas in the routine surgical pathology.
In conclusion, the three proteins ALDH1A1, VDAC1, and TPD52 fulfill the requirements for biologic markers that can be used beyond European Neuroendocrine Tumour Society and World Health Organization criteria for prognostic stratification of resected insulinomas. To our knowledge, these are the first protein markers that have been described in a well-defined group of pancreatic neuroendocrine tumors. In the light of these results, it seems promising to further validate the identified proteins and associated processes in pancreatic neuroendocrine tumors, as well as to extend proteome expression studies to other functioning and nonfunctioning pancreatic neuroendocrine tumors in order to find new biological markers for their prognostic assessment.
